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Abstract
The increasing importance of well-controlled ordered nanostructures on surfaces represents a challenge for existing metrology tech-
niques. To develop such nanostructures and monitor complex processing constraints fabrication, both a dimensional reconstruction
of nanostructures and a characterization (ideally a quantitative characterization) of their composition is required. In this work, we
present a soft X-ray fluorescence-based methodology that allows both of these requirements to be addressed at the same time. By
applying the grazing-incidence X-ray fluorescence technique and thus utilizing the X-ray standing wave field effect, nanostruc-
tures can be investigated with a high sensitivity with respect to their dimensional and compositional characteristics. By varying
the incident angles of the exciting radiation, element-sensitive fluorescence radiation is emitted from different regions inside the
nanoobjects. By applying an adequate modeling scheme, these datasets can be used to determine the nanostructure characteristics.
We demonstrate these capabilities by performing an element-sensitive reconstruction of a lamellar grating made of Si3N4, where
GIXRF data for the O-Kα and N-Kα fluorescence emission allows a thin oxide layer to be reconstructed on the surface of the
grating structure. In addition, we employ the technique also to three dimensional nanostructures and derive both dimensional and
compositional parameters in a quantitative manner.
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1. Introduction
Well-controlled and well-defined nanostructures and their
achievable properties enable many modern applications in sci-
ence and industry [1, 2, 3]. The most prominent example is
probably the ongoing pursuit of Moore’s law[4] in the semi-
conductor industry. Here, the technological advances in the
fields of lithography [5] and related nanotechnologies results
in an explosion of complexity of modern semiconductor device
structures. This increase in complexity is due to decreasing crit-
ical feature dimensions[6, 7, 8], incorporation of many different
materials[9] and the growing importance of the third dimen-
sion for a further densification of the structures[10, 11]. Sim-
ilar trends are also relevant for related applications of nanos-
tructures. Manufacturing such nanostructures requires metro-
logically rigorous methods in order to ensure reasonable yields
[6, 12, 13]. The performance of such complex 2D and 3D de-
vices is highly dependent on the precision of the dimensional
parameters and on the chemical composition and spatial ele-
ment distributions on a nanometric scale, e.g. for dopant depth
profiles and barrier layer thicknesses. 3D metrology plays a
crucial role in these developments and in manufacturing pro-
cess control. Typical metrology techniques that can be added to
the existing ”toolset” in this context include microscopy-based
techniques for scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), on the one hand, and sec-
ondary ion mass spectroscopy (SIMS)[14, 15] and atom probe
tomography (APT)[15] on the other. The latter two techniques
can resolve 3D nanostructures with sub-20 nm spatial resolu-
tion as well as their elemental composition. However, espe-
cially APT requires a tedious sample preparation and both tech-
niques are destructive. In addition, it can be rather time con-
suming to derive statistically relevant information by analyzing
numerous nominally identical objects.
Also X-ray based techniques, especially Critical Dimension
Small Angle X-Ray Scattering (CDSAXS) [16, 17], are being
applied to the field of nanostructure metrology. CDSAXS is a
transmission scattering measurement where the sample is ro-
tated to probe the vertical profile, allowing 2D and 3D recon-
structions of the dimensions and composition of periodic nanos-
tructures to be performed. However, this technique requires
the sample to be thin enough for obtaining a reasonable trans-
mission. A slightly different approach is utilized in GISAXS
(grazing-incidence SAXS), which is currently being evaluated
as a metrology technique for lithographically patterned features
such as line gratings [18]. However, both in GISAXS and CD-
SAXS, there is typically no optical contrast between different
materials present in the nanostructure and thus only dimen-
sional parameters can be derived.
Another technique that has been shown to add capabili-
ties for probing 2D and 3D nanostructures with respect to
both their dimensional parameters and their elemental composi-
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tion is grazing-incidence X-ray fluorescence (GIXRF) analysis
[19, 20]. This non-destructive technique is based on a variation
of the incident angles between the nanostructured sample sur-
face and the incoming monochromatic X-ray beam. These an-
gular variations induce changes within the X-ray standing wave
field (XSW) intensity distribution in all three dimensions and
occur due to interference between incident and reflected radia-
tion. These local intensity modulations serve as the nanoscale
sensor for both the dimensional properties of the nanoobject
and its elemental composition due to the elemental specificity
of the X-ray fluorescence technique.
In this work, we have applied the reference-free GIXRF
methodology of PTB [21, 22], which provides a SI trace-
able quantitative access to the amounts of material within the
nanostructures, to different artifical two- and three-dimensional
nanostructures. Using silicon nitride grating nanostructures,
we demonstrate the elemental sensitivity of the methodology
as we can distinguish the fluorescence signals from nitrogen
and oxygen atoms. The atoms are differently distributed within
the nanostructure studied, and thus a very different angular be-
havior of their fluorescence emission is observed allowing an
element-sensitive reconstruction of the structure. In addition,
we apply the technique to three-dimensional chromium nanos-
tructures to demonstrate the applicability for more complex and
technologically relevant nanostructures.
2. Experimental
As an example of two-dimensional nanostructures, we use
two different lithographically structured silicon nitride grating
layers on a silicon substrate. Both Si3N4 lamellar gratings were
manufactured by means of electron beam lithography (EBL) at
the Helmholtz-Zentrum Berlin. Both gratings have a nominal
pitch of 100 nm and line height of 90 nm; one has a line width of
40 nm (sample A) while the other has line width of 50 nm (sam-
ple B). The grated areas on both samples are 1 mm by 15 mm
in size, with the grating lines oriented parallel to the long edge.
The left side of figure 1 shows an SEM cross-section image of a
witness grating structure. In the surrounding areas, the original
Si3N4 layer is left untouched. To manufacture the gratings, a
silicon substrate with a chemical-vapor deposited 90 nm-thick
Si3N4 layer was patterned using EBL (including oxygen plasma
resist stripping). Further details about the fabrication procedure
can be found in ref. [20].
Figure 1: Scanning electron microscopy images of the different nanostructured
samples used in this work; part a) shows the Si3N4 lamellar grating and part b)
shows the 3D chromium structures.
As an example of three-dimensional nanostructures, we use
an array of chromium cuboids with a nominal dimension of 300
nm x 300 nm x 20 nm (width x length x height) on a 300 nm
SiO2 on Si substrate, see figure 1. The well-ordered Cr struc-
tures were fabricated using the EBL technique on an area of 1
mm by 15 mm. Further details about the fabrication procedure
can be found in ref. [19].
The reference-free GIXRF measurements on the Si3N4 grat-
ings were carried out on the plane-grating monochromator
(PGM) beamline [23] for undulator radiation in the PTB lab-
oratory [24] at the BESSY II electron storage ring. The PGM
beamline provides soft X-ray radiation in the photon energy
range of 78 eV to 1860 eV with high spectral purity. The Cr
nanostructures were measured on the four crystal monochroma-
tor (FCM) [25] beamline. This beamline provides monochrom-
atized X-ray radiation in the photon energy range from around
1.7 keV up to 10 keV. On both beamlines, the GIXRF experi-
ments were conducted employing the radiometrically calibrated
instrumentation of PTB allowing a reference-free quantifica-
tion [26] of elemental mass depositions present on the sample.
An ultrahigh-vacuum (UHV) chamber equipped with a 9-axis
manipulator [27] was used for the measurements, allowing for
variations of both the incident angle θ (between the X-ray beam
and the sample surface) and the azimuthal incidence angle ϕ
(defined as the angle between the lines of the grating structure
and the plane of incidence) with respect to the grating lines.
The incident angle θ can be aligned with an uncertainty well
below 0.01◦, which is sufficient for the GIXRF experiments.
The azimuthal incidence angle Φi can also be aligned with simi-
lar accuracy using X-ray reflectometry (XRR) with photodiodes
mounted on a 2θ axis.
During the GIXRF experiments, the fluorescence radiation
emitted from the sample is detected by means of a calibrated
silicon drift detector (SDD)[28], which is placed in the orbital
plane of the electron storage ring and perpendicular to the in-
cident X-ray beam direction in order to minimize the radiation
scattered from the sample. The incident photon flux is moni-
tored by means of a calibrated photodiode.
The reference-free GIXRF experiments on the Si3N4 lamel-
lar grating were carried out at an incident photon energy of 680
eV (in contrast to our previous work [20]). This photon energy
allows O-Kα fluorescence radiation to be excited in addition to
the N-Kα fluorescence. Using this additional signal, the sen-
sitivity of the reconstruction with respect to the surface oxide
layer (to be expected due to the oxygen plasma treatment after
etching) can be improved, as this layer now provides a direct
signal.
The 3D Cr nanostructure was excited using a photon energy
of 7 keV and both the incident and the azimuthal angles were
scanned. The angle-dependent Cr-K fluorescence intensities
(both the Kα and Kβ) derived for the Cr sample are shown in
figure 3. The 3D nanostructures show a strong dependence on
the fluorescence signal with respect to the azimuthal angle ϕ.
For both sample types, the angle of incidence θ was scanned
at different positions of the azimuthal angle ϕ. At each position,
an X-ray fluorescence spectrum was recorded using a window-
less SDD. The spectra were deconvoluted using the known de-
tector response functions [28] for the relevant fluorescence lines
of nitrogen, oxygen or chromium and relevant background con-
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Figure 2: Comparison of the experimental N-K fluorescence intensities (a) with
the O-K fluorescence intensities (b) as a function of the incident angle θ and the
azimuth angle ϕ for the sample with a nominal line width of 40 nm (sample A).
Figure 3: Cr-K fluorescence intensities as a function of the incident angle θ and
the azimuth angle ϕ for the 3D Cr nanostructures.
tributions. The resulting count rates F(E0, θ, ϕ) for the fluores-
cence line of interest are normalized with respect to the sine
of the incident angle θ, the incident photon flux N0, the effec-
tive solid angle of detection Ω4pi and the detection efficiency E f
of the SDD for the respective fluorescence photons in order to
derive the emitted fluorescence intensity Φi(E0, θ, ϕ) in accor-
dance with equation 1.
Φi(E0, θ, ϕ) =
4pi sin θ
Ω
F(E0, θ, ϕ)
N0E f
(1)
3. Results and Discussion
3.1. Characterization of the 2D gratings
The angle-dependent experimental datasets for nitrogen and
oxygen can be used for a quantitative reconstruction of the di-
mensional parameters and the elemental distributions within the
nanostructure. As shown in figure 2, the two fluorescence signal
intensities from sample A differ in their behavior, particularly
in the higher angle regime. This originates from the fact that the
oxygen atoms present in the nanostructure are distributed differ-
ently (mainly at the surface) than the nitrogen atoms providing
additional experimental input to the modeling. The experimen-
tal data can be modeled by employing the 2D Sherman equation
[20] (see eq. 2) and a calculation of the angle-dependent inten-
sity distributions IXSW of the X-ray standing wave using a finite
element-based solution of Maxwell’s equations Here, we use
JCMWave[29] for this procedure. Then, we numerically inte-
grate:
Φi(E0, θ, ϕ) =
WiρτE0ωk
Dx
∑
i j
IXSW (xi, y j)e−ρµEi ye(xi,y j) δx δy (2)
where Dx is the lateral grating period (pitch) and ye is the dis-
tance from each point to the surface of the structure (towards
the SDD), which is needed for self-attenuation correction. The
finite-element algorithm can vary the line shape profile in or-
der to reproduce the experimental data. Additional constant ex-
perimental parameters such as beam divergence and material-
specific parameters such as optical constants, the weight frac-
tion Wi of the relevant element i (here the fraction of nitrogen
in Si3N4) and the fluorescence production cross section τE0ωk
(taken from databases [30] and dedicated experiments [31]) at
the excitation photon energy E0 and shell k are also employed.
We use a model in which the line height and width, the sur-
face oxide layer thickness on the grating line, the surface oxide
layer thickness in the groove and the sidewall angle are param-
eterized to allow the grating line profile to be easily changed.
The Si3N4 grating line width is defined at the half-height of the
finite element model. The thickness of residual Si3N4 in the
grooves can also be implemented in the model but this parame-
ter was negligible here. In addition, a native SiO2 layer, which
is to be expected between the Si wafer and the Si3N4 was also
added but its thickness was not changed during modeling. Fur-
ther details on the model can be found in ref.[32]. Based on
this model, the FEM solver calculates the electric field strength
at each position inside the structure, which, by taking into ac-
count self-attenuation on the way out (e−ρµEi ye(xi,y j)) is numeri-
cally integrated in order to gain absolutely emitted fluorescence
intensities. These are then compared against the experimental
data.
As already mentioned in our previous work, such an FEM
based calculation of the XSW field intensities requires signifi-
cant computational resources [32]. One possible way to reduce
the expected computational resources is to reduce the degrees
of freedom of the model or to at least reduce the size of the pa-
rameter space to be searched. We do this by keeping each ma-
terial’s optical constants fixed instead of varying them in order
to take non-bulk material properties into account. The optical
constants in use were determined in XRR experiments on the
non-structured sample area next to the grating structure.
In figure 4, comparisons of the normalized N- and O-datasets
(circles) for both samples and the corresponding best-fit calcu-
lation results (red solid lines) at an azimuthal angle of ϕ = 0◦
3
are shown. A comparison of the angular fluorescence profiles
for N-Kα and O-Kα shows significant differences, which are
due to the different distribution of these two elements within
the nanostructure. Only if the two relevant materials (SiO2 and
Si3N4) are distributed correctly (both with respect to their spa-
tial position in the structure and with respect to their overall
amount) in the field simulation and, consequently, the correct
regimes of the XSW are integrated, can these two datasets be
modeled. The prominent feature at an incident angle of about
θ = 1◦ demonstrates the sensitivity on the dimensionality of the
nanostructure; for both fluorescence signals, the peak position
changes with increasing line width between samples A and B
(see figure 4).
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Figure 4: Comparison of the normalized N- and O-datasets (dotted lines) for
both samples and the corresponding calculation results (red solid lines) at an az-
imuthal angle of ϕ = 0◦. The dashed vertical line depicts the changing position
of the first maximum and thus the sensitivity on the nanostructure geometry.
The dimensional parameters used for the calculation of the
red solid lines in figure 4 are as follows: for both samples, a
sidewall angle of 82◦ was found. The linewidths are 44 nm
(sample A) and 51 nm (sample B), whereas the heights are
about 90 nm (sample A) and 100 nm (sample B). The surface
oxide layer on the Si3N4 grating was found to be 2.7 nm (sam-
ple A) and 3.5 nm (sample B) whereas the groove oxide layer
thickness is 2.5 nm (sample A) and 5.3 nm (sample B). Even
though the overall agreement between the calculated and the
experimental data is already good and all main trends are re-
produced, the agreement is not satisfactory for some features
of the experimental data. As shown in figure 4, the intensities
calculated for the first peak of about θ = 0.9◦ are too low for the
nitrogen data; furthermore, the peak at θ = 2.5◦ for the oxygen
data is still inaccurate in the calculation. This indicates that the
model used is not yet in perfect agreement with the real struc-
ture. However, this also indicates that the discrimination capa-
bility of the technique is high, as a model which is only close to
reality cannot fully describe the experimental dataset. There are
two likely reasons for the remaining discrepancies. First, until
this point, the oxide layer has only been implemented as a box-
like layer with a sharp interface towards the Si3N4. It is more
likely that there is a smooth transition between the two mate-
rials, which will be implemented in future research. Second,
one drawback of the GIXRF technique is that each angle com-
bination for θ and ϕ is measured separately and thus the sample
is irradiated for a long time. This can result in the growth of
an additional carbonaceous surface contamination layer, which
can be accounted for by including the fluorescence emission
from carbon in future research.
3.2. Characterization of the 3D nanostructures
The well-ordered 3D Cr nanostructures used in this work can,
in principle, be modeled by applying the FEM based approach.
However, for practical reasons, the FEM based calculation of
the XSW cannot be easily applied here. Due to the dimensional
parameters of the Cr nanostructures, the computational volume
of the FEM needs to be larger than 1000 nm x 1000 nm x 20 nm.
At the finite element size required, this results in a very large
number of finite elements; thus, the calculation consumes far
too many resources for it to be performed at reasonable speeds,
even on large computers. As an alternative approach, we ap-
ply a many beam dynamical diffraction theory (MB-DDT) [33]
approach.
Figure 5: Comparison of the normalized Cr-Kα fluorescence intensities as a
function of the incident angle θ for various azimuth angles as well as best fit
calculations (see text).
In addition, the Sherman equation is reformulated as follows
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for 3D nanostructures:
Φi(E0, θ, ϕ) =
WiρτE0ωk
DxDy
∫∫∫
V
IXSW (x, y, z)e−ρµEi ze(x,y,z) dV
(3)
The numerical integration is performed for each volume ele-
ment dV and a correction of the self-attenuation of the fluo-
rescence signal is taken into account. This correction can be
performed similarly to the 2D case, with ze(x, y, z) being the
distance to the structure surface in the direction of the SDD.
However, for the structures employed here, the self-attenuation
correction can be omitted, as the high-energy Cr fluorescence
photons are practically not attenuated. In [33], this integral
is computed analytically using the semi-analytic solution of
Maxwell’s equations. This allows computational resources to
be drastically reduced compared to the FEM approach.
The Cr nanostructures can then be modeled by optimizing the
dimensions of the Cr boxes (width and height) and the thickness
of a surface oxide layer, which is to be expected due to normal
oxidation in ambient air and the resist stripping, similarly to the
Si3N4 gratings. In addition, the relevant material densities are
optimized to scale the optical constants. To take into account
uncertainties for the tabulated optical constants[30] and the flu-
orescence production cross section τE0ωk, scaling factors with
limits between 1± 8% (for τE0ωk) and 1± 10% for each optical
constant are used (for chromium and its oxide). For the calcula-
tion, we take into account the incident beam divergence. From
this modeling procedure, a height of 25 nm, a width (and length
- defined to be identical) of 295 nm and a pitch of 1002 nm is
derived. These results agree well with both the nominal values
and with the reference-free GIXRF results of randomly ordered
sister samples (see ref. [19]). For the randomly ordered sam-
ples, a very simple reduced-density layer modeling approach
was performed that fails for well-ordered structures. The best-
fit calculated fluorescence signals, as shown in figs. 5 and 6,
agree well with the experimental data for various ϕ values.
For the surface oxide layer thickness, the optimization re-
sulted in a value of 11 nm, meaning that almost half of the Cr
structure is actually oxidized. Given the fact that the sample
was about one year old at the time of the experiment this could
be a reasonable result. The small remaining discrepancies visi-
ble in figure 5 are likely to be caused by shape deviations from
a perfect cuboid structure. Slightly rounded corner imperfec-
tions are very likely to be present but have not been taken into
account in the modeling procedure so far.
For a demonstration of the sensitivity of the technique, we
have performed additional forward simulations with a slightly
varied dimension of the nanostructure. If one assumes a height
increase by 5 % (1.2 nm), the detected fluorescence intensity
map will be drastically different, especially for high ϕ angles.
This is shown in figure 7 (left side), where the ratio of the flu-
orescence intensity map with increased height is normalized to
the best fit intensity map (as shown in figure 6). Similar be-
haviour can be observed for a 5 % increase (15 nm) in the
nanostructure width, for which the results are shown on the
right side of figure 7. Due to the automatically larger increase
Figure 6: Comparison of the experimental Cr-Kα fluorescence intensity map
(left side) as a function of the azimuthal angle ϕ and the incident angle θ and a
calculated map for the best fit parameters using the MB-DDT approach (right
side).
in the total amount of Cr from the increased width, a larger
fluorescence signal is observed for high incident angles. In ad-
dition, changes are visible for higher ϕ angles. These intensity
variations in the fluorescence signal can be easily observed us-
ing the technique presented, as they are well above the uncer-
tainties achievable for the experimental data.
4. Conclusion
In this work, we have shown that the GIXRF-based char-
acterization of regularly ordered, nanostructured surfaces can
be used to derive both dimensional parameters and elemental
distributions for 2D and even 3D objects. In contrast to non-
ordered objects, more sophisticated approaches are required to
model 2D and 3D objects (specifically, to calculate the spa-
tial XSW field distribution). Here, we use either an FEM-
based or MB-DDT based calculation scheme in order to model
the experimental data. Due to the element sensitivity of the
GIXRF technique, angular-dependent fluorescence maps from
various elements contained in the structure can be obtained at
the same time and a combined modeling of these datasets al-
lows higher discrimination capabilities for the elemental com-
position of the nanostructure. This is the main benefit of apply-
ing GIXRF (as opposed to scattering techniques) when char-
acterizing nanostructures, as it provides non-destructive access
to the spatial distribution of the fluorescence-emitting atoms
within the structure. Although the examples considered in this
work mainly exhibited homogeneous material distributions, a
dopant gradient or something comparable would show different
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Figure 7: Comparison of the fluorescence maps calculated for a 5 % variation
of the nanostructure height and width respectively normalized to the best fit
map.
angular-dependent fluorescence maps depending on its distri-
bution within the nanostructure; these maps could potentially
be characterized using GIXRF. It should also be noted that the
underlying modeling techniques can also process more com-
plex nanostructures deviating from box-like shapes such as real
FinFET devices or other novel transistor architectures.
In addition, due to the relatively large irradiated sample area,
the GIXRF technique is capable of providing statistically rep-
resentative data, which is relatively time consuming using com-
parable techniques for characterization of both dimensional pa-
rameters and elemental distributions, e.g. atom probe tomogra-
phy. These features make GIXRF an interesting nanotechnol-
ogy metrology tool for the characterization of current and fu-
ture nanostructures. Furthermore, the technique is in principle
also transferable to laboratory-based equipment even though we
use synchrotron radiation-based excitation in this work. Sev-
eral examples (including commercially available tools) of the
laboratory-based realization of grazing-incidence XRF instru-
ments already exist; there is no reason why a GIXRF-based
characterization of nanostructures should not be transferred to
laboratory tools.
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